ABSTRACT
Numerical and experimental studies of strength across material sciences, biomechanics, and geology, show a strong link between porosity and strength in both natural and manufactured 29 porous materials: an increase in porosity or pore size is typically associated with a decrease in 30 brittle strength and fracture toughness (Fig. 1A: Rice, 1998; Leguillon and Piat, 2008;  physical and mechanical characterization of minimally weathered, 750-1500 year old olivine-56
Background and Methods

57
Kilauea Pahoehoe Lava
58
Small volume tholeiitic pahoehoe lavas are emplaced as non-channelized, inflated sheets on 59 the subhorizontal (1-2°) south flank of Kilauea Volcano. Sheet flows have been observed as 60 thin layers (10-50 cm thick), inflating to thicknesses as great as 4 m (e.g. Hon et al., 1994) .
61
Samples were collected from exposed lavas along open portions of the ENE-WSW striking
62
Kulanaokuaiki fault, located at the eastern end of the Koa'e fault system, 7-8 km south of 63 Kilauea's summit caldera (Fig. 2) . Normal faults in the Koa'e system develop at shallow 64 depths (<5 km: e.g. Lin and Okubo, 2016) with the early stages of fault propagation 65 associated with the opening of extension fractures that reactivate pre-existing cooling joints,
66
where observed in the near surface (e.g., Duffield, 1975) . The Kulanaokuaiki fault 67 accommodates 0 to 15 m of displacement (Duffield, 1975) , and was most recently active 
78
Field and hand sample observations show that oblate vesicles in the basal zone are 79 aligned sub-horizontally, parallel to bedding; in the lava core and top zones, the minor 80 fraction of non-spherical vesicles appear to be randomly oriented. Porosity was obtained for 81 samples from each zone, using the submerged-mass saturation and calliper method, following and Bernede, 1979a) . Porosity in these basalt lava samples is primarily in the form of volume distribution (SVD: Cruz-Orive et al., 1992) , the mean intercept length (MIL: Harrigan
112
and Mann, 1984) , and the star length distribution (SLD; Smit et al., 1998 
124
Analyses were conducted using the SLD method for the entire sample core (Fig. 3A, 
125
3C, 3E), and for representative individual pores extracted from the sample volume (Fig. 3B, 
126
3D, 3F). The main data visualisation output is a 3-D rose diagram, which are displayed to
127
show ellipsoid diameter values divided by the maximum diameter, such that the maximum 128 display value is 1.0; absolute values range between 0.0-1.0. In the case of individual pore 129 analyses, the minimum displayed value is therefore representative of the pore aspect ratio (i.e. 
136
Experimental rock deformation
137
To experimentally simulate near-surface conditions for fracture nucleation and propagation, main zones of a lava: 12 from the top zone; 4 from the core zone; and 22 from the basal zone.
tests were performed in accordance with the ISRM suggested methodology (Bieniawski and controlled, hydraulic rock mechanics testing system, with a 4600 kN loading frame. Samples 144 were taken to failure at a constant strain rate of 5 x10 -6 sec -1 , with axial and circumferential 145 strain measured throughout experiments. To identify and characterise mechanical anisotropy 146 in the lava, samples were cored and tested in two orthogonal orientations relative to the 147 measured pore shape: (1) a vertical core, oriented normal to bedding (Fig. 4A) , and (2) a 148 horizontal core, oriented parallel to bedding (Fig. 4B ).
150
Results
151
CT volume analysis
152
Pore shape analysis using Quant3D confirms our field characterisation that pores in the , showing an inverse relationship with porosity (Fig. 1B) 
175
The lava core has the lowest porosity (12-13%) and is strong and stiff, irrespective of Fig. 4A, 4B ; Fig. 5A , 5B). This is consistent with the broad inverse 181 relationship shown in Figure 1A . Fig. 4A, 4B ; Fig. 5A , 5B). The strength range in the lava base is reduced when 185 separated by orientation. Samples subjected to the equivalent of horizontal compression (i.e.
186
parallel to bedding) have comparable strengths with the lower porosity core, ranging between 187 ~60-102 MPa. However, for samples subjected to the equivalent of vertical compression (i.e.
188
normal to bedding), samples show much lower compressive strengths of ~16-60 MPa. Sample 189 porosity in base samples is relatively constant at ~15-19% (Fig. 5A ), hence porosity -as a 190 scalar quantity -is not responsible for the variation in rock strength.
191
The variation in compressive strength measured through the lava unit is best
192
represented using the strength anisotropy ratio (traditionally, the maximum measured 193 compressive strength divided by the minimum measured compressive strength (σ cmax / σ cmin ). curve on plots of compressive strength and weakness orientation (i.e. the β angle, e.g. highly anisotropic (e.g. fractured sandstone) (Ramamurthy et al., 1993; Al Harthi, 1998 
211
CT volume analysis shows that pores within the lava base have aspect ratios ranging from 212 0.1-0.4 (Fig. 3) . Decreasing aspect ratio relative to a sphere, produces a directional 213 dependence of pore wall curvature. Here we isolate the role of pore curvature using numerical 214 simulation based on Eshelby's solution (Eshelby, 1957 (Eshelby, , 1959 Healy, 2009) . In our models, a 215 single elliptical pore with an aspect ratio of 0.33 is embedded in an infinite, otherwise 216 homogeneous, isotropic linear elastic matrix ( Fig. 6; Fig. 7 ). Remote stresses are applied far 217 from the pore, and the total stress (the perturbation stress due to the elliptical pore plus the 218 remote stress) field is calculated on a regular Cartesian grid of points within the matrix (Fig.   219 6). Matrix stress tensor components were contoured to produce plots of horizontal (σ xx ) and 220 vertical (σ zz ) normal stress ( Figure 6 ). Our models involve no fluid, and in each case the to a standard unconfined laboratory test. This remote stress configuration is therefore biaxial,
224
but for the purposes of description -and comparison to the UCS tests -we will refer to it as 225 uniaxial. Figure 7 shows the perturbation stress due to the pore (i.e. the elastic stress field 226 associated with the pore only, removing the remote stress contribution), for the same applied 227 remote stress as in Figure 6 .
228
For an elliptical pore subject to uniaxial tension in the horizontal axis elevated tensile 229 stress is predicted to develop at the pore maximum curvatures, in both σ xx and σ zz axes ( 
235
6D and 7C,7D), σ xx is only mildly tensile near the pore tip ( Fig. 7C ) and σ zz shows a similar 236 distribution and perturbation to the tension model at the maximum curvatures (Fig. 7D ).
237
Hence the pore geometry is relatively strong under compression compared to tension.
238
Applying a remote vertical compression parallel to the pore short axis, results in pronounced 239 tensile stress amplification at the crack minimum curvature in both σ xx and σ zz (Figs 6E, 6F 240 and 7E,7F). Critically, the distribution of that tensile stress amplification is much greater than 241 that experienced in the other models. Such an increase in the area over which stress is 242 amplified will increase the potential for interaction between neighbouring pores, or pre-243 existing flaws, and promote failure at lower externally applied stresses. These simple models 244 support the strength anisotropy observations recorded in UCS tests for flattened pores in the 245 lava base (Fig. 4A, 4B ), indicating that pore-shape anisotropy is an important, but hitherto 246 undiagnosed, control on rock strength.
248
DISCUSSION
249
We have shown that pore aspect ratio is a fundamental control in rock strength, with samples 250 containing flat pores showing strength anisotropy ratios that are comparable to foliated sedimentary rocks. Samples were cored at orthogonal angles, from a single block, and detailed characterisation at a range of scales shows that mineralogy, density, porosity, and 253 pore distribution are near identical in both orientations; the only variable between core 254 direction is the relative orientation of the pores with respect to the applied load (e.g., cf. 
258
Numerical models that isolate aspect ratio (e.g. Fig. 6 ) show that pore geometry controls the 259 distribution of stress within a sample, affecting the strength of the material. However, the 260 range in peak strengths for lava base samples suggests that pore aspect ratio can operate in 261 conjunction with additional factors. For instance, samples that show very low aspect ratio 262 pores (e.g., sample 5B: the lowest mean aspect ratio in the study at 0.32; Fig. 8C, 8D ) can be 263 stronger than samples with higher aspect ratio pores (e.g., sample 4B, which has a mean 264 aspect ratio of 0.54-0.58: Fig. 8A,8B ). Sample 5B is stronger in both the vertical and the 265 horizontal orientation. Sample 4B has a higher porosity (~20%) than 5B (~16%), which 266 contributes in part to the strength difference. However, in the vertical samples (bedding 267 normal) the peak strength of 4B is half that of 5B (i.e., 22 MPa, versus 44 MPa respectively); 268 in the horizontal samples (bedding parallel) the peak strength of 4B is ~65% that of 5B (i.e. diameter; ~1-3 mm in the short axis) that are closer in proximity (i.e. ~5 mm). In the pre-276 failure elastic regime, the induced tensile stress around pores is additive, and will be 277 particularly effective in cases where pore-pore distances are small relative to the pore 278 diameter; this effect is considered to occur even at low sample porosities (~5-10%; Rice, 1997). Although we would expect the tensile stress perturbation to be greater for the flatter 280 pores of sample 5B, compared with pores in sample 4B, the distance between pores in sample 281 5B may limit degree of interaction between the perturbed stress fields originating from each 282 pore. Conversely, the combination of stress amplification and greater superposition of stress 283 fields in 4B may cause failure at much lower applied stresses. Hence the range in our UCS 284 data may reflect the combination of pore surface curvature effects and pore-pore distances.
285
Further study is required to isolate these effects -ideally using manufactured samples -but 286 we consider total porosity alone to be insufficient to characterise rock strength.
288
Implications for the scaling of rock strength tests
289
The UCS results presented here show a broad correlation with data for porous materials (e.g.,
290
Figure. 
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The concept is widely applied to account for the apparent strength of convex structures, from Abstracts. Vol. 20, No. 4, [181] [182] [183] [184] [185] [186] [187] 
